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CHAPTER 1 INTRODUCTION 
With the increasing demand for electric and hybrid electric vehicles and the explosion in 
popularity of mobile and portable electronic devices such as laptops, cell phones, e-
readers, tablet computers and the like, reliance on portable energy storage devices such 
as batteries has likewise increased. Battery systems are expensive and as the cost 
increases with the complexity and criticality of the system, accurate battery health 
monitoring is crucial. Over the past decade the Idaho National Laboratory (INL), 
Montana Tech of the University of Montana (Tech), and Qualtech Systems, Inc. (QSI) 
have been developing the Smart Battery Status Monitor (SBSM), an integrated battery 
management system designed to monitor battery health, performance and degradation 
and use this knowledge for effective battery management and increased battery life. 
Key to the success of the SBSM is an in-situ impedance measurement system called the 
Impedance Measurement Box (IMB).  
The Impedance Measurement Box (IMB) is a system designed to make in-situ internal 
impedance spectrum measurements on batteries for the purpose of State of Health 
(SOH) monitoring and Remaining Useful Life (RUL) assessment. The impedance 
spectrum measurement is an array of complex values that represents the relationship 
between voltage and current for the battery over a range of frequencies. As such the 
development and implementation of an efficient calibration procedure for such a 
measurement is challenging. This is because both the impedance magnitude and phase 
require calibration, but no suitable test units with known and accurate responses exist. 
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Batteries cannot be used for calibration because their impedance response is not time 
invariant (if it were then it couldn't be used to estimate the battery RUL). Magnitude 
calibration is pretty straightforward as purely resistive shunts that are highly accurate 
are available and reasonably priced. Phase calibration is another matter altogether, 
however. The circuit components necessary for phase calibration are not available or 
prohibitively expensive. Capacitors larger than 1F have tolerances ranging from around 
50% to 150% (www.digikey.com) and thus are unsuitable. The goal of this research 
effort, therefore, was to develop a calibration procedure that corrected both magnitude 
and phase components of the impedance using only resistive shunts. This thesis 
describes the successful development, testing and validation of this unique calibration 
procedure.  
Chapter 2 provides background information on calibration, battery monitoring, testing 
and health. This includes SOH estimation with impedance measurements. 
Electrochemical Impedance Spectroscopy, the standard laboratory impedance 
measurement procedure is covered. A discussion of the IMB follows, including a system 
overview, previous calibration efforts and the corresponding measurement issues. The 
chapter ends with a literature review of current calibration techniques. Chapter 3 
discusses the concept for calibration, building from the limitations of prior calibration 
efforts, possible causes of the limitations and the corrections that form the components 
of the new calibration procedure and describes the structure and implementation of the 
new procedure. Chapter 4 describes the experimental testing approach and 
implementation. The aspects of the calibration to be verified are discussed along with 
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the corresponding tests and the conditions for success or results that verify them. The 
results of the testing are covered in Chapter 5. The research conclusions are covered in 
Chapter 6, summarizing the results and providing recommendations for future research 
efforts.  
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CHAPTER 2 BACKGROUND 
CALIBRATION 
Calibration, in concept or implementation, is familiar to nearly everybody in technical 
fields. Such broad familiarity and application leads to many definitions. One widely 
accepted definition is (Cable, 2005): 
"A test during which known values of measurand are applied to the transducer 
and corresponding output readings are recorded under specified conditions." 
 
Following the above definition the purpose of calibration is to produce a comparison of 
a measurement system to a standard instrument of higher accuracy. The result can then 
be used to document and optimize the accuracy and performance of the measurement 
system. Measurement optimization involves the derivation of a statistical model that 
relates the system output to the measurement "truth". The truth is the actual value of 
the quantity being measured and the system output is the result returned by the 
measurement system. If a thermometer is placed in a pot of boiling water the system 
output would be the temperature indicated by the thermometer and the truth would be 
the actual water temperature.   
While there are many possible choices for a statistical model linking a dependent 
variable to one or more independent variables, the first order polynomial (linear) 
regression is by far the most common, though quadratic and higher orders are also used 
depending on the system (Liu & Fruhauf, 1999). A linear regression model requires at 
7 
 
least two measurement points but more are necessary to analyze the model uncertainty 
and goodness of fit as the degrees of freedom of the residuals is 0 with only two 
measurements (Bar-Shalom, Li, & Kirubarajan, 2001)(Dieck, 1997).   
 
CALIBRATION UNCERTAINTY 
One of the important aspects of a calibration procedure is the accuracy of the 
calibration and the uncertainty of the calibrated result. The uncertainty of the 
calibration is referenced to the appropriate standard and this creates a chain of 
uncertainties going back to the root national or international standard.  
Determination of the accuracy of the calibrated system and the uncertainty of the 
measurement referenced to the standard instrument is a fairly straightforward process 
(Dieck, 1997). The residuals of the regression model can yield goodness of fit metrics 
such as a coefficient of determination r
2
 value as shown in Eq. [1]. 
  1   !"#$%#$  Eq. [1] 
 
 
Where:  is the coefficient of determination. 
  !"#$  is the sum of squares of the residuals of the regression. 
             %#$ is the total sum of squares. 
             &  is the true values produced by the standard instrument,   1, 2, )  
observations. 
             &*  is the sample mean of the true values,  +, ∑ & , . 
             &.  is the estimated value from the calibration regression model. 
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The  !"#$  is given by Eq. [2].  
 !"#$  /0&  &. 1  Eq. [2] 
 
The %#$ is given by Eq. [3].  
%#$  /0&  &*1  Eq. [3] 
 
Both of these sums of squares are proportional to their respective variances (%#$ is 
proportional to the variance of &  around &* and  !"#$  is proportional to the 
variance of &  around &. ). The constant of proportionality, the number of samples N, is 
the same for both. The  metric is commonly interpreted to mean the percent of 
variance in & that is explained by &.. If the regression model is perfect then &.  &  for 
  1, 2, )  and  !"#$  0. This results in   1 meaning that the regression 
explains 100% of the variance.  
Using the above methodology it is possible to accurately derive the uncertainty of the 
calibrated system, but this uncertainty is only with respect to the standard instrument, 
the source of & , the "true" values. The standard instrument will likewise have a level of 
uncertainty that will affect the true uncertainty of the calibrated system as it is 
dependent on the accuracy of the standard instrument. This leads directly to a key 
concept of calibration called traceability (Cable, 2005). Traceability is analogous to the 
concept of provenance with antiques and historic artifacts and pedigree with purebred 
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and show animals. The chain of traceability or traceability pyramid is a documented 
path of the dependencies, accuracies and the associated uncertainty of all of the 
standard instruments that a calibration procedure is dependent upon. This chain of 
traceability should lead back to a nationally or globally recognized standard such as 
those maintained by the National Institute of Standards and Technology (NIST). 
One important aspect of calibration should be noted. Calibration cannot add any 
additional information to a dataset from an estimation perspective. Consider a linear 
regression model with a single independent variable and a corresponding single 
dependent variable obtained from a dataset of N observation / target pairs. If the 
observations (independent variables) in the dataset were transformed by being 
multiplied by a constant α (scaled) and had a second constant β added (shifted), the 
linear regression resulting from this transformed dataset would exhibit the same level of 
accuracy as the first model. Note that the models will NOT be the same, however. If one 
of the observations from the second dataset were processed by the first regression 
model the result would be wrong (it would be the "correct" value scaled by α and 
shifted by β). It might seem, therefore, that there is no need for a calibration procedure 
for measurements that will be used in an estimation application such as predicting 
battery health using impedance measurements. This is not the case, though. Without 
calibration each measurement system would require its own estimation model (battery 
health estimation in this case). Measurements would not have meaningful units and 
measurements from different systems could not be compared. Thus calibration is an 
important component of measurement systems. 
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BATTERIES 
Energy storage devices store energy in a form that is available to a system when it needs 
it, enabling the target devices to utilize energy that was previously generated either in a 
more advantageous process or in an environment incompatible with the device's 
operating environment.  
Electrochemical energy storage devices such as batteries and fuel cells store energy by 
utilizing an electrochemical oxidation-reduction reaction (Linden & Reddy, 2002). This 
reaction takes place between two active materials termed the anode and the cathode. 
The anode is the reducing agent and gives up electrons during the reaction, oxidizing in 
the process. The cathode is the oxidizing agent and accepts electrons. It is reduced 
during the reaction. The reaction occurs in an electrolyte, a substance that provides a 
charge transfer mechanism between the anode and cathode in the form of an ionic 
conductor. As the reaction is dependent on the flow of charge, or current, the energy 
can be utilized by connecting the battery to a load or generator, completing the circuit 
between the positive and negative terminals. When connected to a load the negative 
terminal acts as the anode and the positive terminal acts as the cathode, electrons flow 
from the anode through the external load to the cathode. The anode is oxidized 
producing cations (positive ions) and the cathode is reduced producing anions (negative 
ions). The electrolyte completes the circuit by conducting the anions to the anode and 
the cations to the cathode. Note that the electrolyte is not electrically conductive, but is 
ionically conductive. Charge flow in the electrolyte consists of ions, not electrons. While 
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charging, the reaction is reversed and the positive terminal acts as the anode and the 
negative terminal acts as the cathode. 
As with every physically realizable process, not all of the energy from the 
electrochemical reaction is available. Some of the energy is lost in the form of waste 
heat. This loss occurs due to three main factors. Activation polarization, also referred to 
as overpotential, is the additional energy required for a reaction to occur due to the 
Second Law of Thermodynamics. Concentration polarization occurs due to 
concentration differentials of the active materials at the surface of the electrodes and in 
the bulk due to mass transfer. The internal impedance, sometimes referred to as ohmic 
polarization is the sum of the ionic resistance of the electrolyte, the electrical resistance 
of the tabs, active mass and current collectors of the electrodes and the contact 
resistance between the current collectors and the active mass. The impedance is a 
complex quantity and contains a reactance resulting from processes such as the double 
layer capacitance. These all contribute to the energy loss, but are manifestations of 
different processes. All are likewise affected as the battery ages. The physical geometry 
of the electrodes can change through charge and discharge cycles and byproducts of the 
reactions can accumulate impacting the performance. Each of these processes behaves 
differently and is governed by their own dynamic effects such as reaction rates and time 
constants. Thus they dominate different frequency ranges of the internal impedance 
spectrum. Monitoring the impedance over different frequencies can thus provide 
significant insight into how a battery is degrading, which can improve the overall 
assessment of health. 
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BATTERY HEALTH 
Batteries have become a familiar component of most aspects of our daily lives and 
demand for portable electronics has led to the adoption of rechargeable batteries as 
essential. Besides laptop computers, mp3 players, cell phones and other personal 
electronics rechargeable batteries have taken a larger role in automotive and other 
transportation technologies. Hybrid electric vehicles rely on battery packs that are 
considerable more complex than standard 12V lead-acid car battery (Plett, Extended 
Kalman Filtering for Battery Management Systems of LiPB-based HEV Battery Packs 
Parts 1-3, 2004). Significant research and many advances have yielded battery 
technology based on chemistries like lithium ion and nickel metal hydride (NiMH) with 
significantly higher energy to weight ratios. These advances have made hybrid vehicle 
technologies feasible, but these battery chemistry technologies are not mature as 
compared to lead-acid. Batteries, as electrochemical systems, are complex systems and 
exhibit significant nonlinearities (Linden & Reddy, 2002). Different chemistries also 
exhibit different behaviors. For example, NiMH chemistries exhibit a strong hysteresis 
effect between charge and discharge(Motloch, et al., 2002). Techniques from one 
chemistry may not be applicable to a different chemistry. The result is that complex and 
expensive systems that are relied on in nearly every aspect of everyday life but are not 
easily monitored for performance and health (Zhang & Lee, 2011). The potential cost 
incurred by lack of insight into battery health and performance is substantial.  
Battery health and health monitoring research have garnered considerable interest 
recently. There no defined industry standard for battery State of Health (SOH) and most 
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approaches emphasize passive monitoring and estimation of State of Charge (SOC) to 
infer SOH. Numerous methodologies for estimation have been proposed with 
techniques ranging from simple numerical methods, autoregressive moving average 
filters to neural networks, support vector machines, extended Kalman filters and fuzzy 
logic (Plett, Extended Kalman Filtering for Battery Management Systems of LiPB-based 
HEV Battery Packs Parts 1-3, 2004)(Plett, Sigma-point Kalman Filtering for Battery 
Management Systems of LiPB-based HEV Battery Packs Parts 1 and 2, 2006)(Pritpal 
Singh, 2006) (Zhang & Lee, 2011). Zhang, et al. (Zhang & Lee, 2011) notes in his review 
that in-situ SOH estimation techniques rely on directly measurable quantities such as 
voltage, current and temperature. While passive monitoring of battery voltage, current 
and temperature are available, relying on them exclusively leaves a vulnerable 
knowledge gap by ignoring critical elements of battery health such as pulse resistance 
and power capability. It has been shown that metrics such as power fade and discharge 
resistance span this knowledge gap and accurately track battery health. In recent years 
the battery internal impedance spectrum (the complex impedance measured at multiple 
frequencies) has been shown to be highly correlated with power fade and discharge 
resistance (Christophersen J. , Battery State-of-Health Assessment Using a Near Real-
Time Impedance Measurement Technique Under No-Load and Load Conditions, 2011) 
and has garnered considerable interest as a health measurement technique (Zhang & 
Lee, 2011). The battery electrochemical impedance gives much greater insight to the 
battery health (Zhang & Lee, 2011).  Zhang notes this but he concludes that it is 
impractical for in-situ measurement as the current impedance measurement systems 
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require laboratory conditions. Blanke, et al. speculates that impedance measures would 
be valuable for in-situ monitoring, but doesn't discuss how these measurements might 
be made, instead utilizing data generated in a laboratory (Blanke, et al., 2005). 
Electrochemical Impedance Spectroscopy (EIS) produces impedance measurements that 
range typically from 100 kHz to 10mHz for lithium-ion cells and take from five minutes 
to an hour to perform, but the testing requires a laboratory environment. The test 
equipment is designed for laboratory settings and is expensive and delicate. Principally 
the size and measurement time preclude them as a feasible in-situ measurement 
system. Figure 1 below shows the impedance measurements as a lithium-ion cell ages. 
The impedance curve measured at week 108 has grown considerably compared to the 
initial characterization curve. The impedance growth in the mid-frequency charge 
transfer region, where the semicircle grows in both height and width as a function of 
cell age can effectively estimate the battery SOH (Christophersen J. , Battery State-of-
Health Assessment Using a Near Real-Time Impedance Measurement Technique Under 
No-Load and Load Conditions, 2011).  
 Figure 1 Impedance measurements over life of battery 
  
INL performed EIS measurements as part of the Advanced Technology Development 
Program (Christophersen, et al., 2006)
a Solartron Model 1287A potentiostat/galvanostat and a Solartron Model 1260A 
frequency response analyzer. All of the 
included in this thesis were generated with
Battery Impedance Plots
The impedance spectrum is typically displayed graphically in a plot that is very similar to 
a standard Nyquist plot. Following the convention amongst electrochemical researchers, 
these plots differ in that the Y axis
positive frequencies are plotted. A typical plot is displayed below in 
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(Christophersen, et al., 2006)
. The INL EIS measurements were performed with 
EIS data utilized in this development effort and 
 this setup.    
 
 is the negative imaginary impedance and only the 
Figure 
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electrolyte, or ohmic resistance value (Re) is the real impedance value where the plot 
crosses the x axis. The mid frequency semicircle is the charge transfer resistance (Rct) 
and the low frequency tail is called the Warburg tail. 
 
Figure 2 A typical battery impedance plot (Linden & Reddy, 2002). 
 
BATTERY TESTING 
Over the years many battery testing procedures have been developed for automotive 
applications. In 1998 the U.S. Department of Energy initiated the Advanced Technology 
Development (ATD) Program (Christophersen, et al., 2006), which is now known as the 
Applied Battery Research Program. The purpose of the ATD program is to identify and 
overcome the technical shortcomings of lithium-ion batteries for electric, hybrid electric 
and plug-in electric vehicles and finding solutions to these shortcomings. Several 
national laboratories are involved in the ATD program, including the Idaho National 
Laboratory (INL). Battery performance test data are acquired in laboratory settings using 
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expensive measurement systems in very controlled environments. The Lithium-ion cells 
used in the testing were built specifically for the testing and were closely monitored 
over the entire test period spanning from new to end of life. Several tests are utilized as 
part of the ATD program.  The principle battery tests include static capacity tests, Hybrid 
Pulse Power Characterization (HPPC) tests, Calendar Life Tests (CLT), Cycle Life Tests 
(CycLT) and Accelerated Life Tests (ALT). EIS, HPPC, and the static capacity tests are 
referred to as Reference Performance Tests (RPT), while the CLT, CycLT and ALT are 
called life tests (Christophersen, et al., 2006). 
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 
Electrochemical Impedance Spectroscopy (EIS) is an AC impedance measurement 
technique. As the name implies it is typically applied to electrochemical systems such as 
batteries and fuel cells, but has also been successfully utilized in other areas such as 
biomedical and dielectrics and coatings(Lasia, 1999). EIS measurements involve 
stimulating the test target with a sinusoidal signal of a single frequency and measuring 
the target response after achieving steady state. The impedance at the signal frequency 
can then be determined. This process is then repeated for each desired frequency. In 
the context of battery SOH/RUL estimation EIS is very attractive compared to pulse 
testing as the measurement signal is small and charge neutral and thus is less stressful 
to the battery. The measurement process tends to be very time consuming as the 
frequencies of interest may start as low as 1mHz. Additionally the impedance values can 
be very small, in the range of mΩ. These factors limit EIS measurements to laboratory 
settings. As part of the ATD Program, impedance spectroscopy measurements were 
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periodically acquired on the cells to determine if this technique could be used as a 
useful alternative measure of battery degradation. These laboratory impedance 
measurements are made by a process known as Electrochemical Impedance 
Spectroscopy (EIS). Most of these various tests involve time profiles of intense power or 
current pulses applied to the test battery. EIS, however, is a relatively low level stimulus 
signal that is much less invasive. 
HYBRID PULSE POWER CHARACTERIZATION 
The HPPC test is used to measure performance degradation(Christophersen, Hunt, 
Bloom, Thomas, & Battaglia, 2007). HPPC involves a controlled discharge of the battery 
combined with charge and discharge pulses. The battery starts fully charged and is fully 
discharged at the end of the HPPC measurement. The HPPC pulse profile is applied at 
each 10% depth of discharge with an hour long open circuit rest between each profile. 
The pulse is therefore applied 9 times. The pulse profile is shown in Figure 3. The pulse 
profile consists of a 10 second discharge pulse, a 40 second rest and a 10 second charge 
pulse, typically referred to as a "regen" pulse. The profile pulses are high current pulses 
(5C1 for the discharge and 3.75C1 for the regen are typical values).  
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Figure 3 Hybrid pulse power characterization pulse profile. 
 
The HPPC measurement can yield such valuable data as change in internal impedance 
and available power and available energy over the SOC range(Duong, 2000). The 
drawback, however, is the impact of the measurement on the battery. Over the course 
of the measurement the battery goes from fully charged to fully discharged and the 
discharge and regen pulses are high current pulses. These factors preclude the use of 
HPPC measurements for battery monitoring applications as the measurement negatively 
impacts the battery health. 
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SMART BATTERY STATUS MONITOR 
The Idaho National Laboratory (INL), Montana Tech, and Qualtech Systems, Inc. (QSI), 
are collaborating in the development of the Smart Battery Status Monitor (SBSM). 
Conceptually the SBSM is a system designed to interact with an energy storage device 
(battery, fuel cell, ultra-capacitor, etc…) to gain information into its present state and 
utilize this information to monitor performance and respond appropriately. The 
applications of the SBSM are viewed as very broad ranging from scheduled offline 
maintenance to near real time embedded monitoring. The SBSM design philosophy is to 
develop a system that achieves greater understanding by utilizing impedance spectrum 
measurements along with existing passive techniques with as little impact on the energy 
storage device and the parent system as possible. Test signals injected into the device 
are charge neutral minor perturbations and measurement durations are as short as 
possible while providing the necessary fidelity. 
 
IMPEDANCE MEASUREMENT BOX 
The Impedance Measurement Box (IMB) is seen to be one of the key enabling 
technologies for the SBSM. The IMB uses a Sum of Sines (SOS) signal to measure all of 
the component frequencies in parallel within at least one period of the lowest 
frequency. One methodology that has been developed for the IMB is called Harmonic 
Compensated Synchronous Detection (HCSD)(Christophersen, Morrison, Morrison, & 
Motloch)(Morrison & Morrison, 2008).  
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SYSTEM OVERVIEW 
The IMB system is a family of technology demonstration prototypes capable of 
performing impedance spectrum measurements suitable for SOH estimation in near 
real-time. Though not yet embedded, the system hardware has been significantly 
reduced in size compared to laboratory based EIS systems demonstrating that it is highly 
suitable for near real-time embedded applications.  
The basic measurement approach of all IMB systems is the test battery is excited with a 
computer generated SOS current signal where all the sine waves are summed together 
and have a frequency spread that is octave (power of two) harmonics of the 
fundamental (lowest) frequency as shown in Eq. [4]. 
3  342 5 Eq. [4] 
 
 The resulting SOS current time record duration is at least one period of the lowest 
frequency. The battery voltage response to this SOS current signal is captured with a 
data acquisition system and processed via the HCSD algorithm to yield the complex 
internal impedance spectrum at the SOS frequencies. 
HARMONIC COMPENSATED SYNCHRONOUS DETECTION 
The Harmonic Compensated Synchronous Detection (HCSD) technique enables the 
detection of impedance magnitude and phase assuming a bandwidth-limited sum-of-
sines input current signal with a harmonic frequency spread. With harmonic separation, 
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the crosstalk error is eliminated. This enables a measurement to be completed within 
only one period of the lowest frequency.  
Harmonic Compensated Synchronous Detection (HCSD) is a special case of 
Compensated Synchronous Detection (CSD) (Morrison & Morrison, 2008) where all the 
frequencies in the Sum Of Sines (SOS) are power of two harmonics of a fundamental 
frequency. Because of the harmonic relationship the compensation aspect of CSD is not 
necessary and only the synchronous detection operation is required to identify the 
amplitude and phase component of the signal for a specific frequency. This derivation, 
done in the time domain, will prove that one can detect the amplitude and phase from 
any one of the sine waves of an SOS where all the frequencies are harmonics of a 
fundamental frequency and each has an arbitrary amplitude and phase. Additionally, 
the SOS has duration of one period of that fundamental frequency.  
Since the impedance measurements are calculated using the HCSD algorithm and 
calibration operates on these measurements, the HCSD algorithm and its derivation are 
shown below. Let the response of a linear system ( )R t excited by such an SOS with all 
unit amplitude sine waves and zero phase shift be given by: 
 
0	1  6/ Α sin0;	 < Θ1= >+ ? @0	1  @0	  A1 Eq. [5] 
 
 
Where: 
 is the total number of frequencies in the input sum of sines 
  is the array element corresponding to the  frequency,   1, 2, ) 
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B is the array element corresponding to the B frequency, B  1, 2, ) 
 
 Α is the  sinusoid amplitude 
 Θ is the  sinusoid phase 
  is the fundamental frequency of the SOS in radians/sec 
 ; is the  power of two harmonic of  
 A is the period of the fundamental frequency in seconds 
 	 is time in seconds 
Applying synchronous detection to identify CB and ΘB, the real and imaginary 
responses are obtained. The real response is given by: 
B  1A E 6/ Α sin0;	 < Θ1
=
 >+ ? @0	1  @0	  A1
FG
 sin0;B	1H	 Eq. [6] 
 
While imaginary response is: 
 B  1A E 6/ Α sin0;	 < Θ1
=
 >+ ? @0	1  @0	  A1
FG
 cos0;B	1H	 Eq. [7] 
 
Where Zr and Zi are the real and imaginary impedance components respectively 
The following trigonometric identities are utilized: 
sin0 K L1  sin01 cos0L1 K cos01 sin0L1 
Eq. [8] 
 cos01 cos0L1  12 0cos0  L1 < cos0 < L11 Eq. [9] 
 cos01 sin0L1  12 0sin0 < L1  sin0  L11 Eq. [10] 
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sin0α1 sin0L1  12 0cos0  L1  cos0 < L11 Eq. [11] 
 
Starting with Eq. [6] and applying the trigonometric identities results in: 
B  1A E 6/ Α sin0;	 < Θ1
=
 >+ ? @0	1  @0	  A1
FG
 sin0;B	1H	 Eq. [12] 
 
B  1A / NΑ E sin0;	 < 1 sin0;B	1H	
FG
 O
=
 >+  Eq. [13] 
 
B  1A / NΑ E sin0;	1 cos0Θ1 < cos0;	1 sin0Θ1 sin0;B	1 H	
FG
 O
=
 >+  Eq. [14] 
 
B  1A / NΑ cos0Θ1 E sin0;	1 sin0;B	1H	
FG

=
 >+
< Α sin0Θ1 E cos0;	1 sin0;B	1H	FG O 
Eq. [15] 
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B  1A / PQQ
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1 E 12 Scos40;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 cos40; < ;B1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Eq. [16] 
 
B  ΑB2 cos0ΘB1 Eq. [17] 
 
Similarly, the imaginary component can be computed as follows: 
 B  1A E 6/ Α sin0;	 < Θ1
=
 >+ ? @0	1  @0	  A1
FG
 cos0;B	1H	 Eq. [18] 
 
 B  1A / NΑ E sin0;	 < Θ1 cos0;B	1H	
FG
 O
=
 >+  Eq. [19] 
 
 B  1A / NΑ E sin0;	1 cos0Θ1 < cos0;	1 sin0Θ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	1 H	
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 >+  Eq. [20] 
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 B  1A / PQQ
QRΑ sin0Θ1 E 12 Scos40;  ;B1	5 < cos40; < ;B1	5TH	
FG
UVVVVVVVVVVVVVVVVVWVVVVVVVVVVVVVVVVVX Y,>
=
 >+
< Α cos0Θ1 E sin0;	1 cos0;B	1 H	FGUVVVVVVVVVWVVVVVVVVVX> Z[[
\
 
Eq. [22] 
 
 B  ΑB2 sin0ΘB1 Eq. [23] 
 
The real and imaginary impedance can be converted to magnitude and phase using 
Euler's formula as shown in Eq. [24] and Eq. [25]: 
|B|  ]0B1 < 0 B1   CB2  Eq. [24] 
 
B  tan`+ a BBb   ΘB Eq. [25] 
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The real and imaginary impedances can likewise be ascertained from the magnitude and 
phase as illustrated in Eq. [26] and Eq. [27], likewise derived from Euler's formula. 
B  |B| cos0B1 Eq. [26] 
 
 B  |B| sin0B1 Eq. [27] 
 
Note that the initial calculation of the real impedance using synchronous detection 
shown in Eq. [12] utilizes the sine function whereas the real impedance calculation 
obtained from the magnitude and phase utilizes the cosine function. The input SOS 
signal is generated relative to the sine to ensure the SOS crosses zero at time zero as 
sin001  0, thus minimizing transient effects. The SOS signal would start at its 
maximum value if the SOS was relative to the cosine as cos001  1. 
EXISTING CALIBRATION APPROACHES  
The IMB system has been under development for over a decade with several prototype 
generations being produced (The current IMB prototype generation as of the writing of 
this thesis is the third generation, referred to as Gen. 3). Each development stage has 
resulted in a system with greater accuracy and broader field of use, such as smaller 
hardware footprint, portable notebook PC interface and durability (Gen. 2) and ability to 
measure battery modules with a DC voltage of 50V (Gen. 3). As the system has been 
adapted and improved the system calibration has likewise evolved.  
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Initially there was no calibration procedure. The initial prototype was considerably 
simpler than the current prototype. The impedance spectrum was calculated directly 
from the voltage response using the known gains of the system. Early in the 
development process it became evident that there were more factors affecting the 
accuracy than the known hardware gains. This resulted in the first calibration 
procedure. Three high accuracy current shunts were measured and the results were 
used to calculate a gain and offset correction for the impedance magnitude. The same 
gain and offset was applied at all frequencies. The phase correction was a single point 
calibration merely involved in zeroing out the phase. This is the calibration procedure 
that was used up through the development of the Gen. 2 prototype, which was the 
previous development cycle. 
MEASUREMENT DISCREPANCY  
A key challenge encountered during the development of the IMB was the 
implementation of an effective calibration procedure. The IMB impedance 
measurements exhibited discrepancies compared to EIS measurements on the same 
test target. The IMB results underestimated the imaginary portion of the impedance in 
the mid charge transfer region and the low frequency Warburg region. This problem is 
illustrated in Figure 4 which compares impedance spectra of EIS vs. IMB on the same 
battery (note that the IMB measurements are referred to as HCSD). Note that in this 
plot the IMB measurement started at a higher frequency (0.1Hz) and consequently the 
Warburg region is shorter. The discrepancy is mainly in the mid region semicircle and as 
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this region contains significant information related to battery health this is the 
motivation for the development of the advanced calibration procedure. 
 
Figure 4 Gen. 2 HCSD vs. EIS measurement comparison  
 
 
LITERATURE REVIEW 
OVERVIEW OF LITERATURE REVIEW FINDINGS 
The literature review covered conference papers, journal articles, text and patents (both 
pending and awarded). The review topics focused on calibration techniques used in 
similar systems, and covered complex impedance calibration, electrochemical cell 
measurement calibration, network analysis measurement calibration and similar. 
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Current relevant calibration techniques seem to apply one of two different approaches, 
offline calibration as a separate step and online self calibration as a component of the 
measurement. In both cases a reference device is employed for the correction. The 
reference device varies depending on the measurement system and its target 
application. For an impedance measurement system similar to the IMB the reference 
device is usually an equivalent circuit designed such that the circuit response over the 
desired ranges of measurement parameters is essentially equivalent to the target 
measurement device. The reference measurement devices range from direct feedback 
of the input (Castello, Garcia-Gil, & Espi, 2008), reference resistors (Chodavarapu & 
Trifiro, 2010), reference circuits (Chang & Chen, 2007), and even simulations using a 
mathematical model (Sze, et al., 2010). In essence all of these methods are endeavoring 
to generate differential measurements in order to reject common-mode errors (e.g. 
response distortions due to measurement equipment). Other reference devices can be 
used depending on the test being performed (Bonitz, Hinderliter, & Bierwagen, 2005). 
An example of this is discussed below. 
ONLINE SELF CALIBRATION 
One approach, sometimes labeled self-calibration, performs a measurement on the 
reference device simultaneously with the test device. The reference measurement is 
compared with the known reference device to determine the measurement correction 
to apply to the test measurement. Thus the system calibrates itself for each 
measurement. Calibration procedures that utilize this approach are described in (Sze, et 
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al., 2010)(Chang & Chen, 2007)(Castello, Garcia-Gil, & Espi, 2008)(Liu & Fruhauf, 
1999)(Chodavarapu & Trifiro, 2010).  
Case Study: Biomedical Self-calibrating EIS Mammography Measurements 
Sze, et al. (Sze, et al., 2010) describe an impedance calibration technique applied to 
biomedical systems used to detect breast cancer. Their calibration approach illustrates 
the self calibration methodology and also provides the opportunity to discuss the 
reasons this approach was not implemented on the IMB. Electrical Impedance 
Tomography (EIT) measurements utilize magnitude and phase impedance 
measurements as a diagnostic tool to identify breast cancer. The results are displayed as 
a two dimensional grayscale image. These measurements are susceptible to both 
internal measurement errors and external noise. In order to minimize these errors and 
increase the fidelity of the results, the authors describe a real-time calibration 
procedure using a Sussex Mk4a Electrical Impedance Mammography (EIM) system. The 
system uses a planar electrode array to inject a sinusoidal current and measure the 
resulting voltage and appears to utilize a single frequency. The system generates both a 
reference signal and a measurement signal. The difference between these represents 
the impedance in the target. The simulated saline measurement is created using a 
uniform conductivity model. These signals are processed using a Discrete Fourier 
Transform (DFT) to determine the magnitude and phase components. The signals are 
aligned by subtracting the reference response phases from the measurement phases. 
The magnitude is normalized by the ratio of the reference magnitude and the simulated 
saline magnitude and the phase is corrected by subtracting the saline signal phases from 
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the aligned measurement phases. No quantitative accuracy data are given and the 
results are displayed as grayscale images with and without self calibration, where the 
calibrated images clearly show improved measurements. This method has the 
advantage of eliminating system calibration as a separate procedure, thus producing 
calibrated results every time. However, this method requires two physical 
measurements and a simulated measurement with a corresponding increase in system 
complexity and additional development of a simulation model. These drawbacks make 
this calibration approach infeasible for the IMB. Having the calibration as a separate 
procedure for the IMB reduces system complexity which is desirable for embedded 
systems. 
Case Study: Impedance measurement of dielectric materials under high field 
intensities 
Another example of self-calibration is presented by Liu, et al., (Liu & Fruhauf, 1999). In 
this article the authors outline different self-calibration techniques and present an 
implementation that performs impedance measurements on dielectrics. Liu, et al., 
define self-calibration as follows: 
"A measuring method is defined as Self Calibration Measuring Method (SCMM) if 
the input / output relationship of the measuring system is directly determined by 
the self -calibration algorithm with the use of the internal reference quantities 
and the measuring errors are self-corrected by the corresponding signal and data 
processing algorithms so that the measuring system is made tolerant towards 
the errors of the original measuring system." 
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In their definition the internal reference quantities are integrated directly in the 
measurement system and therefore become part of the measurement process. The self-
calibration algorithm is therefore able to utilize the reference measurement directly to 
produce the calibrated response. This method is self-calibrating not because of the real-
time application of the calibration correction, but because of the in-situ generation of 
the calibration correction from a real-time reference measurement.  
The existing methodology that the authors seek to improve is called Zero Impedance 
Calibration (ZIC). This method uses an assumed reference impedance of zero and applies 
an offset correction. The authors list impedance calibration methods such as OPEN, 
SHORT and LOAD as examples of this approach. They then proceed to describe possible 
self-calibration methods, summarized below. 
Linear self-calibration techniques rely on a linear relationship between the input and the 
output of the measurement system and hence, the device under test. The first are one 
reference calibration methods (only one reference device is required) without an offset 
term. The calibration equation for Parallel Self-Calibration (PSC) is shown below in Eq. 
[28]. 
%  ;+  Eq. [28] 
 
Where: % is the output measurement result. 
    is the input measurement result. 
  ;+ is the gain calibration correction. 
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The calibration correction is computed as follows: 
c  % %c  Eq. [29] 
 
Where: c is the impedance of the device under test. 
  %c is the measured impedance of the device under test. 
   is the reference impedance. 
  % is the measured impedance of the reference. 
 
The gain ;+ is therefore dedfe. A similar method called Addition Self-Calibration (ASC) is 
shown in Eq. [30]. 
c  % 0%c   %1 Eq. [30] 
 
Here, the measurement %c is the sum of % and %c. Although the ASC technique 
could have larger errors it has some advantages for certain applications such as high 
intensity field measurements utilized in dielectric measurement (Liu, Schonecker, & 
Keitel, 1997). 
A linear self-calibration with an offset has the form shown in Eq. [31]. 
%  ;+ < ; Eq. [31] 
 
This method requires two reference quantities and therefore is referred to as a two-
reference self-calibration. In its simplest form this method utilizes a reference 
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impedance  and ground (zero). Using % to represent the system measurement of 
ground, the corrected measurement is given by Eq. [32]. 
c   g%c   %%  % h Eq. [32] 
 
This shows that the offset error is corrected using the zero impedance measurement. If 
a second reference is used instead of ground, the corrected measurement is given by 
Eq. [33]. 
c  + g%c   %%+  %h <  g%c  %+%  %+ h Eq. [33] 
 
This is called Linear Interpolation Self-Calibration (LISC) and is applicable to linear 
systems. It can also be used for non-linear systems in regions that exhibit local linearity 
using techniques such as small signal analysis.  
Non-linear self-calibration methods may be necessary if the system deviates from the 
assumption of linearity over the region of interest. These generally involve fitting higher 
order polynomials and have higher complexity than linear methods. The number of 
reference impedances likewise increases with the order of the polynomial. An example 
of this is Quadratic Interpolation Self Calibration (QISC), the form of which is shown in 
Eq. [40]. 
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%  ;  < ;+ < ; Eq. [34] 
 
Determination of ;, ;+, and ; requires three reference impedances +, , and i. 
The calibrated measurement is then given by Eq. [41] where j k are the quadratic 
weighting functions of %c. 
cc  j+i+ < ji+ < ji+i Eq. [35] 
 
Several examples of self-calibration are given by the authors (Liu & Fruhauf, 1999), one 
of which is presented here. The authors demonstrate the ASC self-calibration method 
using an impedance measurement system for dielectric materials in high field intensities 
(Liu, Schonecker, & Keitel, 1997). The algorithm used in the calibration system is an 
interpolated Discrete Fourier Transform (DFT). The frequency range is 100Hz to 10kHz. 
Eight periods are averaged together to produce the result at a given frequency. The self-
calibration method, ASC, is compared to a non-self-calibrated measurement and the 
performance is compared using percent relative error. Both magnitude and phase are 
considered. For the magnitude the ASC method showed a relative error of 0.15% as 
compared to 3.1% with no self-calibration. ASC exhibited a 2.5% phase error versus 25% 
for no self-calibration.  
The self-calibration methodologies described in this paper clearly produce 
measurements with higher accuracy. All of the methods require the concurrent 
measurement of reference impedances to function. In the generalized descriptions of 
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the different methods the reference is referred to as impedance and labeled as "Z". In 
the examples, however, only a reference resistance is employed (0.1% accuracy in the 
above example). The self-calibration techniques described therefore sufficiently address 
the impedance magnitude, but the impedance phase is not completely covered. Since all 
of the references are purely resistive (or assumed to be, similar to the previous IMB 
calibration assumptions) the phase is essentially 0. Thus all of the described methods 
reduce to the zero impedance calibration with respect to phase, essentially only 
correcting any offset. Although an offline calibration, the Gen. 3 IMB calibration 
procedure is similar to the LISC method but addresses both impedance magnitude and 
phase. Additionally, as the IMB procedure is performed independently, the additional 
complexity that a real-time self-calibration requires is avoided. 
OFFLINE CALIBRATION 
The second approach uses the reference device to calculate a calibration correction 
during a separate calibration process. These correction factors are then stored and 
applied to future measurements. This is a popular approach as seen by calibration 
procedures such as those discussed in (Bonitz, Hinderliter, & Bierwagen, 
2005)(Solartron)(Hewlett-Packard, 1995). As offline calibration is performed as a 
separate process from the measurement a larger range of options such as lengthier or 
more involved measurements and more resources such as larger, higher precision test 
and measurement equipment (e.g. EIS measurement equipment) can be utilized that 
may allow for a superior calibration process. This is also the method implemented in the 
Gen. 3 IMB calibration approach. Equivalent circuit devices are typically used as 
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reference devices but some implementations utilize more appropriate devices based on 
the target system. The calibration procedure described in (Bonitz, Hinderliter, & 
Bierwagen, 2005) illustrates this. 
Case Study: Calibration Method and Apparatus for Potentiostats 
The next calibration method originates from a patent (Bonitz, Hinderliter, & Bierwagen, 
2005) awarded in 2006. It provides an excellent illustration of a calibration procedure 
that is performed separate from normal measurements. It also demonstrates the use of 
a calibration reference device tailored to the application of the target system instead of 
an equivalent circuit. 
In this case EIS is being used for diagnostic / quality control analysis for corrosion 
protective coatings using measurements at two frequencies, 1Hz and 10
5
Hz. Equivalent 
circuit devices were found to be inadequate as the target impedance ranges are 
substantially larger (~GΩ) than typical equivalent circuit impedances (mΩ - kΩ). The 
reference device in this case consists of a conductive substrate, a model film, an 
electrolyte and a potentiostat. This device performs the same function as an equivalent 
circuit but utilizes components more closely related to the target protective coatings. 
COMMERCIAL IMPEDANCE SPECTRA MEASUREMENT SYSTEMS 
There are several commercially available systems capable of performing impedance 
measurements including EIS impedance spectra measurements. Gamry 
Instruments(Gamry Instruments) offers several systems, such as the Reference 3000, 
capable of performing EIS measurements. Solartron Analytical (Solartron Analytical) 
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produces the 1287A potentiostat/galvanostat and 1260A frequency response analyzer 
that INL uses for battery research. Bio-Logic(Bio-Logic - Science Instruments), 
headquartered in France, offers numerous systems, such as SP series potentiostats, that 
provide EIS capabilities. As these systems perform impedance spectra measurements 
like the IMB, albeit with a different methodology, calibration procedures targeted at 
these systems is of interest. Not much information on calibration procedures is 
available, however, as these are proprietary commercial systems. Solartron and Gamry 
both offer calibration check modules, the 12861 ECI Test Module and the UDC 4 
Universal Dummy Cell respectively. These allow the user to verify that their system is 
operating correctly. They rely on the user visually inspecting plots of the response to 
verify the system accuracy. Both of these test modules are equivalent circuit modules. 
Gamry also provides for an automated calibration with the UDC 4. No description of the 
actual calibration process was found, but, considering that this is a commercial product 
it is not surprising. Bio-Logic offers Test Cell 2 that is labeled for calibration and 
verification without providing any further information. Calibration services are offered 
by Solartron, Gamry and Bio-Logic. In all cases this involves the company itself 
performing the calibration and usually requires the system to be shipped back to the 
factory. 
LITERATURE REVIEW SUMMARY 
The items reviewed that related to general calibration concepts focused on calibration 
techniques and underlying assumptions of linearity and normality. Linear regression 
techniques are not optimal estimators if the underlying linearity and Gaussian 
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assumptions do not hold. Deviations from normality, heteroscedasticity, or errors that 
are not independent can result in a non-optimal fit in a least squares sense. As the 
previous assumptions hold for the IMB and the assumption of linearity is valid due to 
the small signal analysis approach, a linear regression approach is appropriate. The self-
calibration methods reinforce this concept. 
All of the calibration procedures that were reviewed use a reference standard. For 
measurements of complex quantities most calibration procedures use a reference 
standard with a complex response. Some ignore the imaginary component and focus on 
calibration of the real part only while simply "zeroing out" the imaginary part. None of 
the calibration procedures calibrate both the real and imaginary components using a 
purely real reference standard. 
Commercially available systems provide various calibration and calibration validation 
options and services. None of the companies provide any detail on the actual calibration 
process. 
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CHAPTER 3 CALIBRATION THEORY 
CONCEPT FOR CALIBRATION 
The new calibration procedure has several features that can be customized to produce a 
calibration set tailored to the expected test range and conditions. Calibration shunt 
magnitude range is defined by the magnitude values of the shunts selected for a given 
calibration. During testing and validation three different ranges were used to cover all of 
the anticipated target impedance ranges. These were low (10mΩ, 16.67mΩ, and 25mΩ), 
medium (16.67mΩ, 25mΩ, and 50mΩ) and high (50mΩ, 100mΩ, and 200mΩ). These 
three ranges were chosen to correspond with both the circuit equivalent test cell 
(described in detail in Chapter 4) ranges and typical battery impedance ranges. 
The measured current RMS value scales the input signal to the desired RMS value. In 
order to maintain the validity of the assumption of linearity due to small signal analysis 
it is necessary to control the RMS of the SOS current signal. This is also important to 
ensure the IMB does not cause excessive stress to the test target (this is more critical for 
batteries than test cells). Three RMS values were used during this study, 250mA, 500mA 
and 750mA (typically 500mA has been the default value). The frequency range and the 
number of frequencies are calibration parameters that can be set by the user. As the 
calibration corrections are calculated for each frequency the calibration needs to be 
performed over the deployment frequencies. There are two standard frequency ranges 
of interest based on the range of interest to researchers (e.g. portions of the impedance 
spectrum containing useful diagnostic and prognostic information), test duration and 
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hardware limitations (e.g. filter cutoff frequencies). The "long" range starts at 0.0125Hz 
with 18 frequencies corresponding to a measurement duration of 80 seconds and the 
"short" range starts at 0.1Hz with 15 frequencies corresponding to a measurement 
duration of 10 seconds. While the short range is faster it does not capture the 
impedance at the lower frequencies. The calibration validation utilized the long 
frequency range. 
The initial step in the development of a new accurate calibration system was to review 
the existing calibration procedure and identify areas for improvement. The improved 
method will calculate a gain and offset correction at each frequency. The calibrated 
response will be more accurate as the HCSD measurement response at each frequency 
will have a unique correction factor, but will result in the calibration being performed at 
all of the target frequencies. The improved calibration method will use non-inductive 
shunts to more closely match the purely resistive assumption. Additionally the input SOS 
will be advanced one time step to mitigate the zero-order hold effect arising from the 
analog conversion of the digital signal (Egloff & Morrison, 2012) and the SOS signal will 
be pre-emphasized to mitigate the smoothing filter attenuation (Lathi B. ). 
The current calibration procedure only applies a single point correction for the phase in 
an attempt to "zero it out". The effect of the system on phase is not being considered. 
As the imaginary portion of the impedance exhibits the greatest discrepancies it is 
crucial that the new calibration exercise the system over both magnitude and phase. 
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The calibration procedure operates on impedance measurements in polar form, 
impedance magnitude and phase. Although batteries and other energy storage devices 
exhibit considerable nonlinearities the input RMS current is small relative to the rated 
current levels. The measurement is therefore a small signal analysis and can be assumed 
to be linear around an operating point. The measurement, therefore, is of the form in 
Eq. [36].  
  SAlmlΘ%TSAnΘoTSApΘqTSArΘdTSAsΘtT  Eq. [36] 
 
Where:  is the measurement response at frequency 3   
 SAlmlΘ%T is the SOS magnitude and phase at 3   
 SAnΘoT is the smoothing filter magnitude and phase at 3   
 SACΘvT is the current driver response magnitude and phase at 3   
 SAZΘT is the desired impedance magnitude and phase at 3   
 SAAΘCT is the preamp response magnitude and phase at 3   
 
Rearranging to group the magnitude and phase terms together results in Eq. [37]. 
  |Alml||An||Ap||Ar||As| < Θ% < Θo < Θq < Θd < Θt  Eq. [37] 
 
It follows from the assumption of linearity at each frequency 3 that, as seen in Eq. 
[37], the magnitudes all multiply and the phase angles all add. Observe that the SOS 
magnitude and phase angle at each frequency can be preset.  
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ZERO-ORDER HOLD CORRECTION 
The initial prerequisite of calibration is to mitigate the frequency response of signal 
generation amplifiers and measurement amplifiers such that the theoretical excitation 
signal is flat with a zero phase shift over the measurement frequency spectrum.  The 
first part of obtaining this theoretical excitation signal is to mitigate the zero order hold 
delay inherent in the computer generation of the SOS. The approach taken was to 
advance the SOS by one time step thus at time equal to zero the SOS starts at time 
equal to Δ	, the sample time step instead of zero(Egloff & Morrison, 2012). Figure 5 
illustrates a 1638.4 Hz zero order hold sine wave with no advance sampled at 20 
samples per period and the corresponding smoothing filter response. 
 
Figure 5 Unfiltered and filtered sine wave with no advance 
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Observe the delay in the filtered sine wave is a significant fraction of the period. This will 
severely corrupt attempts at a phase measurement. 
 
Figure 6 Unfiltered and filtered sine wave with an advance of one 
 
Figure 6 illustrates the ability of a time step advance to mitigate this problem. The 
advance eliminated 22° of phase shift in this example. Observe that the delay is greatly 
reduced. In fact the delay remaining is from the smoothing filter. The smoothing filter, 
signal amplifier and preamp responses are remaining items to be mitigated to obtain 
the theoretical measurement excitation. Their responses are determined by design, 
component characteristics and tolerance and the best way to correct for their effect is 
by measurement and then a pre-emphasis applied to the computer excitation signal 
y0 1z%0 1 magnitude and phase. 
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FILTER CORRECTION 
To generate the pre-emphasis that mitigates the measurement system frequency 
response the following approach is taken (Lathi B. P., 1998). A computer excitation 
signal y0 1z%0 1 with a fixed magnitude, zero phase, z%0 1  0, and an 
advance of one time step is applied to the middle range calibration shunt. The captured 
response record is processed to obtain the magnitude and phase at each frequency. The 
magnitude response is normalized to the measurement shunt and signal RMS. The 
inverse of the normalized response is the magnitude pre-emphasis factor at a given 
frequency. The pre-emphasis phase shift at a given frequency is the negative of the 
phase response observed at that frequency. To pre-emphasize the magnitude at 
frequency iω the amplitude of the SOS sine wave at  , that was computed to obtain a 
specified total SOS RMS current, is multiplied by the magnitude pre-emphasis factor for 
 . For phase pre-emphasis, the phase of the SOS, z%0 1, is set to the pre-emphasis 
phase shift at  . This process insures that the effective excitation that is applied to the 
impedance to be measured is flat and has a zero phase shift over the measurement 
frequency range. Figure 7 and Figure 8 below illustrate the impact of a 3rd order 
Butterworth filter on the magnitude and phase of the input SOS signal. Figure 9 and 
Figure 10 show the magnitude and phase corrections to eliminate the filter effects and 
Figure 11 and Figure 12 show the result of the filter correction. 
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Figure 7 Effect of smoothing filter to magnitude response 
 
 
Figure 8 Effect of smoothing filter to phase response 
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Figure 9 Comparison of magnitude filter effects and corresponding correction 
 
Figure 10 Comparison of phase filter effects and corresponding correction 
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Figure 11 Comparison of uncorrected and corrected magnitude response 
 
 
Figure 12 Comparison of uncorrected and corrected phase response 
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MAGNITUDE CALIBRATION 
With the theoretical excitation issue resolved the next is the magnitude calibration. The 
approach taken is to obtain the response of the system via HCSD from the pre-
emphasized SOS for 3 non-inductive shunts, a low, middle (same as used for the pre-
emphasis) and a high value. The range of the shunts selected should encompass the 
expected magnitude of the impedance to be measured (e.g., 16.67mΩ, 25mΩ, 50mΩ 
are typical values). At each SOS frequency a least squares linear regression calibration 
(gain and offset) fit for the magnitude is computed using the data from the 3 shunts 
thus for each frequency of the SOS there will be gain and offset  magnitude calibration 
constants for that frequency. 
 
PHASE CALIBRATION 
The final part of calibration is phase. The approach for phase calibration is to run the 
system with the middle value shunt and a pre-emphasized SOS (magnitude and phase). 
Included in each frequency of the SOS is a specific calibration phase shift that serves the 
same purpose as the 3 shunt values used for magnitude calibration. Based upon the 
linear system assumption, a phase shift in the SOS is assumed to originate in the shunt 
being measured. This allows the imaginary response to be calibrated. A range of phase 
calibration that encompasses the expected range of phase shift and the steps for the 
phase shift are selected. A maximum of -90° to +90° could be chosen and steps of -45°, -
30°, -10°, 0°, +10°, +30°, +45° has been shown to work. The pre-emphasized SOS at each 
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frequency is set to the step of phase shift and phase of  #{ is obtained via HCSD at 
each frequency. As was done with the magnitude calibration for shunts at each SOS 
frequency a least squares linear regression calibration fit for phase is computed thus for 
each frequency of the SOS there will be gain and offset phase calibration constants for 
that frequency. To apply the calibration to a measurement, the test battery is excited by 
a pre-emphasized (filter response mitigation) SOS with a one sample advance (zero-
order hold mitigation) over the frequencies and RMS level of the SOS that is as 
calibrated and the uncorrected impedance #{ obtained via HCSD. The estimated 
battery impedance |% from the calibration is given by Eq. [38] and Eq. [39]. 
 
Μ~m  #A < y33	# Eq. [38] 
 
Θ~m  #Θ < y33	# Eq. [39] 
 
Where: #, y33	# are the magnitude calibration constants at 3 
 #, y33	# are the phase calibration constants at 3 
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FACTORS AFFECTING CALIBRATION 
FREQUENCY RANGE 
The frequency range and the number of frequencies are calibration parameters that can 
be set by the user. As the calibration corrections are calculated for each frequency the 
calibration needs to be performed over the deployment frequencies. Although the 
entire spectra contains valuable information, there are two standard frequency ranges 
of interest based on the range of interest (e.g. portions of the impedance spectrum 
containing useful diagnostic and prognostic information), test duration and hardware 
limitations (e.g. filter cutoff frequencies). The "long" range starts at 0.0125Hz with 18 
frequencies corresponding to a measurement duration of 80 seconds and the "short" 
range starts at 0.1Hz with 15 frequencies corresponding to a measurement duration of 
10 seconds.  
SHUNT SELECTION 
The selection of the calibration shunts determine the impedance range covered by the 
calibration. Impedance measurement results from test targets that are outside of the 
shunt range of the calibration correction are generally not considered as accurate as 
those within the calibration shunt range and are discouraged. The impact of calibration 
shunt selection over different ranges is considered in Chapter 4 and Chapter 5. 
During testing and validation shunts with three different resistance ranges were used to 
cover all of the anticipated target impedance ranges. These were low (10mΩ, 16.67mΩ, 
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and 25mΩ), medium (16.67mΩ, 25mΩ, and 50mΩ) and high (50mΩ, 100mΩ, and 
200mΩ).  
CURRENT LEVEL 
The RMS current level is set by the user and controlled by the IMB system. The selected 
measurement current RMS value scales the input signal to the desired RMS value. Since 
the RMS current scaling affects the input signal it consequently affects the 
measurement accuracy and thus is of interest to an effective calibration procedure. In 
general the larger the RMS of the input signal results in increased accuracy of the 
measurement as the Signal to Noise Ratio (SNR) is increased. In order to maintain the 
validity of the assumption of linearity due to small signal analysis it is necessary to 
control the RMS of the SOS current signal. The input SOS signal is zero mean and 
consequently the HCSD measurement is charge neutral, but the stress on the battery 
increases as the signal RMS increases. Additionally, as the IMB system can measure a 
wide range of batteries from single Lithium-ion cells up to full battery modules and 
strings of batteries up to 50V, the RMS level is adjustable to match a level appropriate 
for the target test cell chemistry.  
The current RMS is an important factor in calibration correction as well. The correction 
factors are dependent on the selected RMS current level and also the number of 
frequencies. Altering the current RMS of the measurement signal changes the energy in 
each frequency of the signal and results in a different response. If the calibration 
correction that is applied to that measurement resulted from a calibration performed at 
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a different RMS value, the measurement response will not be correct. It will be scaled by 
the ratio of the two RMS values (calibration RMS and measurement RMS). Consider the 
input SOS signal in Eq. [40]. 
0	1  6/  sin0;	 < 1= >+ ? @0	1  @0	  A1 Eq. [40] 
 
The discrete representation is shown in Eq. [41]. 
  /  sin0;	 < 1= >+  Eq. [41] 
 
Where: 
 is the total number of frequencies in the input sum of sines 
  is the array element corresponding to the  frequency,   1, 2, ) 
 
  is the  sinusoid amplitude 
  is the  sinusoid phase 
  is the fundamental frequency of the SOS in radians/sec 
 ; is the  power of two harmonic of  
 A is the period of the fundamental frequency in seconds 
 	 is time in seconds 
  is the  time sample 
 	 is time step in seconds/sample 
 
The corresponding impedance response is given by Eq. [42]. 
  / A= >+ sin023	 < Θ1 Eq. [42] 
 
Where: C is the  frequency response amplitude 
  Θ is the  frequency response phase 
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Under the assumption of linearity with small signal analysis a scalar multiple  in the 
input SOS will result in the response being likewise scaled as seen in Eq. [43]. 
/  sin0;	 < 1= >+   $! / C
=
 >+ sin0;	 < Θ1 Eq. [43] 
 
The input SOS signal RMS is given by Eq. [44]. 
  / C2 = >+  Eq. [44] 
 
If the SOS signal is scaled by a factor  (e.g., if calibration was performed with a current 
RMS of 500mA and a measurement is made with an RMS of 750mA then   1.5) this 
results in Eq. [45]. 
  / C2 = >+  Eq. [45] 
 
With some simple algebraic manipulation shown in Eq. [46] and Eq. [47] it is seen that 
the  scaling factor is applied to the SOS magnitude. 
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   / C2 = >+  Eq. [46] 
 
  / 0C12 = >+  Eq. [47] 
 
Thus as shown in Eq. [43], the corresponding C will be scaled as well. Similarly if the 
number of frequencies is changed (e.g., if calibration used K = 18 frequencies and a 
measurement used K = 9 frequencies) while the RMS remains fixed then the impedance 
response will be scaled. Three RMS values were used during this study, 250mA, 500mA 
and 750mA (typically 500mA has been the default value). 
 
CALIBRATION IMPLEMENTATION 
The individual steps described in the previous chapter are combined to produce the 
complete calibration procedure. Calibration in general consists of a series of 
measurement on known shunts. Each measurement produces an observation that, 
when combined with all of the other measurements provide all of the necessary 
information to generate the calibration corrections. Some of the steps are dependent 
on other steps to produce valid results, thus the calibration sequence is important. 
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CALIBRATION SEQUENCE 
The calibration sequencing ensures that each step has its prerequisites before it is 
executed. All of the calibration measurements need to contain the filter corrections, for 
example. The sequencing therefore places the filter correction measure before all other 
measurements.  
The measurement in each step follows the sequence as shown in Figure 13 with the 
exception of applying the calibration correction.  
Initialization
Create Variables and Arrays
IMB Power On
Close Current Probe Relays
DC Buck Voltage Compensation
Perform Measurement
IMB Power Off
Open Current Probe Relays
Process Response with HCSD
Apply Calibration Correction
 
Figure 13 IMB Measurement Process 
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Each measurement requires either a change in one or more of the measurement 
parameters (e.g. the phase shift of the input signal is changed) or the test target (e.g. 
the calibration shunt is changed). The overall calibration procedure involves a 
measurement to determine the magnitude and phase filter correction arrays, 
measurements on each of the three shunts for the magnitude correction and 
measurements at each of the phase shifts for the phase corrections. The one time step 
signal advance for zero order hold mitigation is used in every measurement. The input 
signal RMS current and frequency array are the same for all measurements. Three 
calibration shunts of increasing values are used.  
FILTER CORRECTION 
The filter correction measurement is used to determine the magnitude and phase filter 
corrections. Each component sinusoid of the filter correction has a magnitude of 1 and a 
phase of 0. The measurement results are used to calculate the magnitude and phase 
filter corrections. The magnitude filter correction is the inverse of the magnitude 
response normalized to the mean of the magnitude response. Normalizing the 
magnitude response introduces a bias as shown in Figure 14.  
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Figure 14 Filter magnitude response showing downshift of mean 
 
The mean of the magnitude response is less than the magnitude response in the 
passband. This results in the corrected input signal RMS to be different than the desired 
RMS. To compensate for this an RMS correction is calculated. The phase filter correction 
is the negative of the phase response and does not require any further compensation 
like the magnitude correction. 
In the current implementation of the calibration there are some additional corrections 
that are calculated during this step. These are to provide compatibility with the different 
IMB hardware and compensate for different system gains. These are corrections for 
implementation on the existing systems and are not part of the calibration process in 
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general. They do illustrate, however, that it is possible to accommodate multiple 
systems by adapting this calibration procedure. 
MAGNITUDE CALIBRATION 
The magnitude calibration consists of three measurements. The test parameters and 
settings are the same for all three. The input signal is created using the filter corrections 
calculated in the previous step. Each measurement is performed with a different 
calibration shunt as the test target. The order of the shunt measurements is arbitrary 
and the convention that has been followed is to start with the shunt with the lowest 
value and proceed to the middle value and then the highest value. The result of the 
magnitude calibration step is three arrays of magnitude measurements at each 
frequency corresponding to the three calibration shunts. These are used to perform a 
linear regression at each frequency between the measured value and the known value. 
The result is a gain-offset magnitude correction per frequency. 
PHASE CALIBRATION 
The phase calibration relies on varying the phase shift used to construct the SOS input 
signal. The phase measurements are all made on the same calibration shunt. Each 
measurement involves generating a new input signal that is performed automatically, 
but, unlike the magnitude calibration, does not require user interaction by switching out 
shunts. To this end the phase calibration is combined with the magnitude calibration. 
One of the three shunts is selected as the "phase shunt" and when that shunt is reached 
in the magnitude calibration step the phase calibration is also performed. The 
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convention has been to use the middle shunt for phase calibration though this has been 
arbitrary. 
The phase calibration generates phase response measurements at each frequency for 
each desired phase shift. These are then used to perform a linear regression at each 
frequency analogous to the magnitude calibration. Typically there have been 9 phase 
shifts used in the phase calibration, ±90°, ±45°, ±30°, ±10°, and ±0°. Again the results are 
a gain-offset at each frequency for the phase. 
 
CALIBRATION UTILIZATION FOR STANDARD MEASUREMENTS 
The calibration procedure results in magnitude and phase filter corrections and 
magnitude and phase gain-offset corrections for each frequency. Additionally there is an 
RMS correction to compensate for the magnitude filter correction bias. These are all 
utilized during a standard IMB measurement. The magnitude and phase filter 
corrections are used to create the SOS input signal. Eq. [48] shows the equation for the 
input SOS signal at the n
th
 time step. The magnitude filter correction at frequency 3 is 
 and the phase filter correction is . 
  / sin 023	 < 1  Eq. [48] 
 
The signal shown in Eq. [48] is sent out to the system by the data acquisition system. It 
goes through the smoothing filter and then to the current drivers which sends it to the 
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test target (e.g. battery). The data acquisition system then captures the battery 
response which is then processed by the HCSD algorithm. The calibration correction is 
applied to the HCSD result. 
The magnitude and phase calibration corrections consist of gain and offset corrections 
for each that are applied at each frequency. Eq. [49] shows the equation for the 
corrected magnitude response and Eq. [50] shows the equation for the corrected phase 
response. 
A~m  #A < y33	# Eq. [49] 
 
Θ~m  #Θ~m < y33	# 
Eq. [50] 
 
Where: #, y33	# are the magnitude calibration constants at 3 
 #, y33	# are the phase calibration constants at 3 
              C|% is the calibration corrected magnitude response at the 3 
              |% is the calibration corrected phase response at the 3 
              C#{ is the uncorrected magnitude response at the 3 
              #{ is the uncorrected phase response at the 3 
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CHAPTER 4 TESTING AND VALIDATION 
TESTING AND VALIDATION OBJECTIVES 
The proposed calibration procedure is evaluated following the testing and validation 
steps outlined in this chapter. These tests are intended to demonstrate that this 
procedure has addressed the previous calibration measurement discrepancy. Shunts 
and equivalent circuit test cells are used for the majority of the testing especially with 
numerous or repeated measurements and comparisons. Testing and validation of the 
new calibration relied chiefly on test cells as they do not require a new EIS 
measurement every time an IMB validation measurement was performed. Lithium-ion 
cells were utilized with back to back EIS measurements to demonstrate that the 
calibration procedure is valid and effective on its target system. 
 
TEST EQUIPMENT 
NON-INDUCTIVE SHUNTS 
The calibration shunts used during testing are commercially available non-inductive 
shunts with a tolerance of 1%. Nine calibration shunts of various resistance values were 
constructed by soldering parallel combinations of the purchased shunts to increase the 
number of available shunt values. The calibration shunts were then measured using the 
EIS system at INL to determine what is defined as their "true" resistance values. The 
shunts are listed in Table 1. 
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Table 1 Calibration Shunts 
Shunt Name Nominal 
Value 
Measured 
Value 
Components 
Shunt 1 16mΩ 16.70mΩ 50mΩ x3 
Shunt 2 25mΩ 25.03mΩ 50mΩ x2 
Shunt 3 50mΩ 49.95mΩ 50mΩ x1 
Shunt 4 50mΩ 50.27mΩ 50mΩ x1 
Shunt 5 100mΩ 100.2mΩ 100mΩ x1 
Shunt 6 200mΩ 200.3mΩ 200mΩ x1 
Shunt 7 5mΩ 5.02mΩ 5mΩ x1 
Shunt 8 10mΩ 10.05mΩ 10mΩ x1 
Shunt 9 20mΩ 20.00mΩ 20mΩ x1 
 
The nominal value is the intended resistance value and the measured value is the 
measured result from the EIS measurements. The components are the component 
shunts that were soldered in parallel to produce the calibration shunt. All testing and 
validation measurements involving these shunts used the measured values but the 
shunts were referred to conceptually using their nominal values as this is more intuitive 
in describing the purpose or intent of a test. 
CALIBRATION PHASE SELECTION 
One of the user selectable calibration setup parameters is the calibration phase shifts. 
Each phase shift is a separate measurement and thus the phase shift selection affects 
the calibration duration. The middle of the three calibration shunts is used for the phase 
shift measurements. With the exception of the phase shift impact study all of the 
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calibrations used nine phase shifts (±90°, ±45°, ±30°, ±10° and 0°). The calibration phase 
measurements start with the -90° phase shift and proceed through to the +90° phase 
shift. 
TEST CELLS 
Test cells with known characteristics were used to verify and validate the new 
calibration procedures. The test cells are resistor-capacitor circuits built with shunts and 
ultra-caps and, most importantly, are time invariant. These were designed to have an 
impedance spectrum similar to batteries. The circuit diagram is shown in Figure 15. 
Eight test cells were constructed for testing and validation. The component values are 
listed in Table 2 (Christophersen, et al., 2006). Note that the resistor and capacitor 
values displayed in Figure 15 are the ideal values. The resistors are ± 1% and the 
capacitors are -20% to +80%. This is why the EIS measurements of the test cell 
responses are used instead of the theoretical response obtained with traditional jω 
analysis. 
 
 
Figure 15 Circuit Diagram of test cell 
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Table 2 Equivalent circuit test cell component values 
Cell R1 R2 R3 C 
TC1 10mΩ 10mΩ 10mΩ 18F 
TC2 15mΩ 15mΩ 10mΩ 18F 
TC3 15mΩ 15mΩ 20mΩ 9F 
TC4 33mΩ 33mΩ 33mΩ 18F 
TC5 33mΩ 33mΩ 20mΩ 44F 
TC6 50mΩ 50mΩ 40mΩ 22F 
TC7 50mΩ 50mΩ 50mΩ 13.6F 
TC8 10mΩ 5mΩ 5mΩ 21F 
 
All of the test cells underwent impedance characterization performed at the INL EST 
laboratory using EIS. These measurements became the baseline benchmarks that were 
then used to evaluate the calibration performance. The test cell calibration results 
utilized test cell #3, #7, and #8. Test cell #7 was replaced with test cell #6 for the shunt 
range study and the phase shift study. Test cell #6 and #7 exhibit similar impedance 
spectrums and thus in both cases the full spectrum range is covered. The switch to test 
cell #6 was made in order to present measurement results on a larger number of test 
cells and to demonstrate continuity in measurement accuracy for two test targets with 
similar responses. Figure 16 below shows the impedance spectrum plots obtained from 
the EIS measurements. 
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Figure 16 EIS complex impedance plots of the circuit equivalent circuit test cells. 
 
LITHIUM ION CELLS 
Testing of the calibration procedure using batteries is a complicated procedure. The 
target application of the IMB is batteries with a focus on lithium ion and as such it is 
crucial that the efficacy of the calibration procedure is validated on Lithium-ion cells. 
The problem as discussed earlier is comparing IMB results with EIS results. The cell 
impedance changes based on many factors such as SOC, temperature, battery stress, 
self-discharge, etc… An impedance measurement is no longer a valid measure of the 
current state of the cell after time has elapsed. The only way to compare the 
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18650 Lithium-ion cells, Cell 4 and Cell 23, were tested back to back with EIS 
measurements at the Idaho National Laboratory. 
 
TEST SETUP AND PARAMETERS 
There are several user selected parameters and test setups that affect the test outcome. 
Evaluation of the calibration performance requires a structured testing process to 
ensure valid results. The various test parameter options are discussed below. 
FREQUENCY RANGE 
The filter corrections and magnitude and phase corrections are calculated at a specific 
frequency. This means that the frequencies used for calibration must be the same as 
those intended to be used during normal operation. Measurements based on the 
calibration not only need to include frequencies from the calibration, but need to 
include ALL of the calibration frequencies and cannot include any other frequencies. The 
energy in each constituent sinusoid of the SOS input is determined by the current RMS 
level and the number of frequencies. If a different number of frequencies are used to 
construct the SOS signal then the corresponding calibration corrections are no longer 
valid. Two frequency ranges were considered, 0.1Hz to 1638.4Hz and 0.0125Hz to 
1638.4Hz, named "short" and "long" respectively. Ultimately the long range was almost 
exclusively used as this captured a larger portion of the spectra and test duration is not 
a concern for investigating the validity of the calibration procedure.. 
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SHUNT SELECTION 
The shunts selected for a particular calibration define the range of the calibration. 
Defining a calibration range adds structure to the calibration procedure and follows 
standards and best practices (Cable, 2005). Three different shunt ranges were used 
during testing. The "low" range of 10mΩ, 16mΩ and 25mΩ, the "medium" range of 
16mΩ, 25mΩ and 50mΩ and the "high" range of 50mΩ, 100mΩ and 200mΩ to 
accommodate the impedance range of the test cells. 
CURRENT LEVEL 
The measurement current RMS value scales the input signal to the desired RMS value. 
The RMS level impacts the signal to noise ratio of the measurement. Three RMS values 
were used during this study, 250mA, 500mA and 750mA (typically 500mA has been the 
default value). 
 
EFFECT OF SHUNT SELECTION ON CALIBRATION 
One of the user selected parameters for calibration is the resistance values of the 
calibration shunts. In evaluation of the calibration performance it is necessary to 
determine the impact of shunt selection on the efficacy of the calibration process.  
Nine different calibrations were generated spanning the available range of calibration 
shunts. All of the calibrations were generated on the Gen. 3 IMB system using an RMS 
current of 500mA and the long measurement of 18 frequencies as described previously. 
The impedance ranges are summarized below in Table 3. 
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Table 3 Shunt Selection Calibrations 
Calibration Name Shunt 1 Shunt 2 Shunt 3 
Calibration 1 5mΩ 10mΩ 16mΩ 
Calibration 2 10mΩ 16mΩ 20mΩ 
Calibration 3 16mΩ 20mΩ 25mΩ 
Calibration 4 20mΩ 25mΩ 50mΩ 
Calibration 5 25mΩ 50mΩ 100mΩ 
Calibration 6 50mΩ 100mΩ 200mΩ 
Calibration 7 5mΩ 16mΩ 25mΩ 
Calibration 8 20mΩ 50mΩ 100mΩ 
Calibration 9 5mΩ 25mΩ 200mΩ 
 
Calibrations 1 through 6 span the available range while being as tightly grouped as 
possible for their respective individual shunt ranges. This setup is designed to maximize 
the number and magnitude of out of range measurements. Calibrations 7 through 9 
demonstrate the effect of the shunt range on measurement accuracy for an individual 
calibration.  
The effect of the shunt range was ascertained by analyzing both the calibration values 
and measurement results based on those calibration values. The extent of the impact of 
the shunt range can be ascertained by observing the variability of the calibration gains 
and offsets at a given frequency as the shunt range varies. If the range has little or no 
impact then the gains and offsets should remain constant. Additionally the goodness of 
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fit of the linear regression used to derive the gains and offsets provide another metric to 
evaluate the range impact. Three test cells were chosen (test cell #3, test cell #6, and 
test cell #8) and measured using the nine different shunt ranges. These three test cells 
span the available impedance range while not overlapping. These measurements will 
provide understanding on the relationship between calibration shunt range and test 
target impedance and the impact on measurement accuracy. 
 
EFFECT OF PHASE SELECTION ON CALIBRATION 
In a fashion similar to the shunt value selection, the user also selects the number of 
phase shifts and the corresponding phase values. Calibration evaluation involves 
likewise ascertaining the impact of phase selection on the efficacy calibration 
performance.  
41 phase shift values were considered for the phase selection evaluation. These 
spanned the phase range from -90° to +90° in 5° increments. This was reduced to 3° 
increments from -15° to +15° as this is generally where the phase components of 
measurements tend to fall. There are 10 different phase ranges that were selected for 
this study. These were selected to explore the different phase selection options and 
their impact on the calibration accuracy. Every selected phase shift increases the 
duration of the calibration. It is desirable to minimize the number of calibration phase 
shifts while ensuring calibration accuracy is unaffected. As the calibration procedure is 
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performed offline and infrequently duration is less important than accuracy. The 
different ranges are shown below in Table 4. 
Table 4 Phase Selection Ranges 
 Full Range 
Reduced 
Range Asymmetric 
 A B C D E F G H I J 
-90° X X X    X    
-85° 
  X        
-80° 
  X        
-75° 
  X        
-70° 
  X        
-65° 
  X        
-60° 
  X    X    
-55° 
  X        
-50° 
  X        
-45° 
 X X X   X    
-40° 
  X        
-35° 
  X        
-30° 
 X X X X  X    
-25° 
  X        
-20° 
  X        
-15° 
  X  X   X   
-12° 
  X   X  X   
-9° 
  X   X  X   
-6° 
  X   X  X   
-3° 
  X   X  X   
0° X X X X X X     
3° 
  X   X    X 
6° 
  X   X    X 
9° 
  X   X    X 
12° 
  X   X    X 
15° 
  X  X     X 
20° 
  X        
25° 
  X        
30° 
 X X X X    X  
35° 
  X        
40° 
  X        
45° 
 X X X     X  
50° 
  X        
55° 
  X        
60° 
  X      X  
65° 
  X        
70° 
  X        
75° 
  X        
80° 
  X        
85° 
  X        
90° X X X      X  
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The first three phase case groups (A, B, C) span the entire range (e.g. -90° to +90°) with 
varying phase density, or varying numbers of phase shifts. These are intended to 
investigate the effect of the number of phase shifts over a given range. The number of 
phase shifts that are selected for a calibration directly impacts the time required to 
perform the calibration as each phase shift requires an additional measurement. 
Eliminating unnecessary phase shifts reduces the time required to perform a calibration. 
The second set of cases (D, E, F) focus on the effect of the range of phase shifts on the 
calibration performance. Each of these narrows the range of the phase shifts, going 
from ±45° for case D to ±30° for case E to ±12° for case F. These three cases are 
intended to investigate whether the calibration performance is affected if the phase 
shift range is significantly broader than the anticipated measurement phases, typically 
around ±10°. The last four cases (G, H, I, J) examine calibration phase shifts that are not 
symmetric about 0° as the phase values for a given measurement are typically not 
symmetric. 
The calibration settings are the same as those used for the shunt selection study, a 
current RMS of 500mA and a long measurement with 18 frequencies starting at 
0.0125Hz using The Gen. 3 system. The calibration shunts are the medium range shunts 
(16mΩ, 25mΩ, 50mΩ) and the phase measurements utilize the 25mΩ middle calibration 
shunt. 
The phase shift impact is analyzed in a similar manner to that employed for the shunt 
impact study. Calibration phase gain and offset corrections for each case are calculated 
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and the variations between them are examined. The impact on measurement results is 
also studied. Three test cells are measured and the raw or uncorrected results are used. 
The corrections from each case are applied to these results and then the results are 
compared to each other and also to the corresponding test cell EIS measurement. The 
same three test cells from the shunt study are used (Test Cell #3, Test Cell #6, Test Cell 
#8).  
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CHAPTER 5 RESULTS  
The results of the analysis and testing of the calibration procedure are discussed herein. 
These include evaluation of the calibration accuracy using test cells and lithium-ion cells 
and the results of the investigation of the impact of both the calibration shunt selection 
and calibration phase selection. 
 
TEST CELL RESULTS 
IMB test bed measurements taken on test cells are plotted with their corresponding EIS 
measurements. The EIS impedance spectrums of test cells 3, 7, and 8 are plotted 
together in Figure 17, showing that they span the impedance range of interest and thus 
were selected for the validation study. As previously mentioned, the component 
tolerances of the test cells are such that theoretical results obtained from traditional B 
analysis cannot be used. 
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Figure 17 Concurrent EIS curves showing range covered by test cells 
 
The IMB measurements and corresponding EIS measurements are shown in Figure 18 
(Test Cell #8), Figure 19 (Test Cell #3), and Figure 20 (Test Cell #7). All IMB 
measurements were made with a SOS current RMS of 500mA, medium shunt range 
calibration and 18 frequencies starting at 0.0125 Hz.  
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Figure 18 EIS vs. IMB Impedance Spectrum Test Cell #8 
 
 
Figure 19 EIS vs. IMB Impedance Spectrum Test Cell #3 
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Figure 20 EIS vs. IMB Impedance Spectrum Test Cell #7 
 
Comparing these test cell results with the battery plot of Figure 4 it appears that the 
under-estimation problem of the imaginary response has been mitigated. There are, 
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right side of the plot) diverges compared to EIS. Deviations at low frequencies are not 
unexpected, however. As this is low frequency impedance, there are fewer periods (only 
one period for the lowest frequency) included in the measurement and therefore they 
are more susceptible to transient effects. This was observed in (Christophersen J. , 
Battery State-of-Health Assessment Using a Near Real-Time Impedance Measurement 
Technique Under No-Load and Load Conditions, 2011) and it was shown that the 
transient effect can be minimized with more periods in the measurement. A high 
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sample rate of the measurement being too coarse. At the highest frequency (1638.4Hz) 
there are 24.414 points per period. This corresponds to a phase resolution of 14.746° 
per sample. This cannot be confirmed as the maximum available sample rate of the data 
acquisition system is 40kHz. 
 
LITHIUM-ION CELL RESULTS 
Demonstration of the efficacy of the calibration process using Lithium-ion cells instead 
of the circuit equivalent test cells require both the EIS and IMB measurements be made 
close together in time and under the same conditions, such as temperature, for a valid 
comparison. IMB and EIS measurements were performed on two Lithium-ion cells, 
Sanyo SA Cell #4 and #23 at the INL. The tests was run with the measurement signal 
RMS set at 500mA, medium shunt range calibration and 18 frequencies starting at 
0.0125 Hz. Figure 21 below shows the EIS and IMB impedance spectra for the Sanyo 
lithium-ion cell #4 and Figure 22 shows the EIS and IMB impedance spectra for the 
Sanyo lithium-ion cell #23. 
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Figure 21 EIS vs. IMB Impedance Spectrum Sanyo SA Lithium-ion Cell #4 
 
 
Figure 22 EIS vs. IMB Impedance Spectrum Sanyo SA Lithium-ion Cell #23 
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The IMB HCSD spectrum measurements were shifted along the real axis as compared to 
the corresponding EIS measurement. The increased real impedance comes from the EIS 
measurement test cables which are longer and have different connectors than the IMB 
test cables. Figure 23 and Figure 24 shows the IMB impedance curves shifted to align 
with the EIS curves. The IMB curve for Lithium-ion cell #4 is shifted by 3.3 mΩ and the 
IMB curve for Lithium-ion cell #23 is shifted by 3.8 mΩ. Once shifted, the IMB results 
show very close agreement with the corresponding EIS results. The lower frequency 
Warburg portion of the spectra still differs between EIS and IMB. As previously 
mentioned this is believed to result from the effect of the transient response. Figure 25, 
showing the EIS and IMB impedance results on cell #4 using the Gen. 2 calibration 
procedure is included for reference. 
 
Figure 23 EIS vs. IMB Shifted Spectrum Cell #4. IMB HCSD curve shift of 3.3 mΩ 
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Figure 24 EIS vs. IMB Shifted Spectrum Y Cell #23. IMB HCSD curve shift of 3.8 mΩ 
 
 
Figure 25:  GEN 2 EIS vs. HCSD comparison 
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CALIBRATION SHUNT RESISTANCE RANGE 
As described in the testing and validation section, the impact of the calibration shunt 
range was investigated. The impedance measurement results for Test Cell #8 are shown 
in Figure 26, Test Cell #3 in Figure 27 and Test Cell #6 in Figure 28. These plots show the 
calibration correction from all nine shunt ranges (listed previously in Table 3) applied to 
the candidate measurement. The impedance result obtained from EIS is plotted for 
comparison (the thick line). 
 
 
Figure 26 Test Cell #8 Impedance Over Shunt Ranges 
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Figure 27 Test Cell #3 Impedance Over Shunt Ranges 
 
 
Figure 28 Test Cell #6 Impedance Over Shunt Ranges 
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Analysis of the measurement results indicate that the shunt range selected for 
calibration has far less impact on measurement accuracy than was anticipated. The 
results overlay over nearly the whole frequency range. There are some discrepancies 
such as in the low frequency of Test Cell #8 and in the high frequency range of Test Cell 
#6. Test cell #3 also showed deviation at higher frequencies for one of the shunt ranges. 
All of the observed deviations occurred with calibrations using the lowest shunt 
impedance ranges. Calibrations using higher shunt impedance ranges gave more 
accurate results regardless of the test target impedance range. The lower impedance 
ranges seem to indicate the limit of the Gen. 3 IMB system.  
The statistical average and spread for the different shunt ranges are shown in the 
following figures. The mean value is represented by the purple line and the standard 
deviations are represented by the yellow-orange lines, starting at yellow for 1 standard 
deviation and moving to orange for three standard deviations. Figure 29 shows the filter 
correction magnitude, Figure 30 shows the filter correction phase, Figure 31 shows the 
magnitude gain, Figure 32 shows the magnitude offset, Figure 33 shows the phase gain 
and Figure 34 shows the phase offset. In all cases the spread is greater at lower 
frequencies and is less over the middle frequencies. This is most likely attributable to 
transient effects and lower number of periods. The greater spread of the phase filter 
correction at the higher frequencies is likely due to the smoothing filter effects. 
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Figure 29 Magnitude Filter Correction Statistics Over Shunt Ranges 
 
 
Figure 30 Phase Filter Correction Statistics Over Shunt Ranges 
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Figure 31 Magnitude Gain Statistics Over Shunt Ranges 
 
 
Figure 32 Magnitude Offset Statistics Over Shunt Ranges 
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Figure 33 Phase Gain Statistics Over Shunt Ranges 
 
 
Figure 34 Phase Offset Statistics Over Shunt Ranges 
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Overall the impact of the shunt range on calibration accuracy was less than anticipated. 
This is not to say that there was no impact. Shunts with low impedance values provide 
less accurate measurements regardless of the impedance range of the test target. The 
best calibration shunt set would appear to be 25mΩ, 50mΩ and 200mΩ. These shunts 
span most of the impedance range, but most importantly avoid using the lowest values 
that adversely impact the accuracy. 
 
CALIBRATION PHASE SHIFT RANGE 
The phase shift impact on calibration was examined as described in the testing and 
validation section. All of the impedance measurements are plotted with the associated 
EIS measurements for comparison. The EIS measurements are represented by the 
thicker line in a contrasting color. Figure 35, Figure 36, and Figure 37 show the results 
for test cell #3, test cell #6, and test cell #8 respectively. Note that all ten results are 
plotted together, but overlay each other so they are not individually discernable.  
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Figure 35 Test Cell #3 Impedance Over Phase Ranges 
 
 
Figure 36 Test Cell #6 Impedance Over Phase Ranges 
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Figure 37 Test Cell #8 Impedance Over Phase Ranges 
 
 
Figure 38 Phase Gain Correction Values 
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Figure 39 Phase Offset Correction Values 
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there is no discernable difference between them. Figure 38 and Figure 39 show the gain 
and offset corrections and support the hypothesis of a high degree of linearity as all of 
the values are very close to each other. The phase gain correction shows the greatest 
variability in the lower frequencies and the test cell responses show a corresponding 
slightly larger variation at the lower frequencies as can be seen in the test cell #8 results 
shown in Figure 37.  
The calibration phase shift study indicates that there is a high degree of linearity in the 
phase shift estimation. The phase correction is generated with a first order regression 
which results in a gain and an offset. The previous calibration method relied only on an 
offset correction as it relied on a zero order correction, effectively just "zeroing out" the 
phase. As the prior zero order correction exhibited the measurement discrepancy and 
the new first order calibration correction mitigates the discrepancy it appears that the 
gain correction was the missing piece. As the calibration performance appears 
unaffected by the choice of calibration phase shifts there is no need to implement any 
higher order calibration corrections. This suggests that the selection of phase shifts for 
calibration is not critical to the calibration accuracy. This may have benefits for the 
calibration process as the number of required phase shifts can be reduced. Currently 
nine phase shifts are utilized but that number could be reduced to five or even three.   
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CHAPTER 6 RECOMMENDATIONS AND CONCLUSION 
The research documented in this thesis evaluates the components of a new calibration 
procedure designed to mitigate measurement errors not being addressed by the Gen. 2 
calibration procedure. This development result is a novel impedance spectrum 
calibration procedure that corrects both resistive and reactive components of the 
impedance measurement utilizing calibration targets that are purely resistive in nature. 
Being purely resistive enables realization of the calibration procedure in a simpler and 
more direct method as compared to requiring calibration targets with known and 
accurate reactive responses. The calibration discussed herein successfully remediates 
the measurement under-estimation of the imaginary response. The new calibration 
produces meaningful results comparable to EIS measurements. 
The calibration procedure generates calibration correction factors that are applied to 
IMB measurements to produce accurate impedance spectra measurements. The 
calibration corrections consist of an impedance magnitude and phase gain and offset 
correction for each frequency. These are obtained by performing three measurements 
on three non inductive calibration shunts of increasing value and performing N 
measurements on one of the calibration shunts while applying N different phase shifts 
for each measurement. The measurements on the different shunts are used to calculate 
the magnitude gain and offset at each frequency using a linear regression model, while 
the N measurements with the phase shifts are used to calculate the phase gain and 
offset corrections at each frequency again using a linear regression model. The process 
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incorporates corrections that mitigate the zero order hold delay effect inherent in the 
data acquisition system by advancing the test signal by one time step. The process also 
minimizes the impact of the smoothing filter by compensating for the filter effects in the 
test signal. 
The calibration performance was evaluated to determine its effectiveness. EIS 
measurements were used as the standard for comparison. Equivalent circuit test cells 
with known impedance spectra obtained via EIS measurements formed the backbone of 
the evaluation. Back to back EIS and IMB measurements on lithium-ion cells were also 
made.  
Additional investigations were performed on the impact of calibration shunt and phase 
selection in order to ascertain the sensitivity of these on calibration and identify 
effective shunt and phase selections. 
 Overall the enhanced calibration procedure achieved the objectives and produced more 
accurate results. Some discrepancies still exist and manifested themselves on test cell 
measurements. Test cell #8 deviated in the lower frequencies and test cell #6 and #7 
exhibited errors at the higher frequencies. The measurements on the lithium-ion cells, 
however, show much improved accuracy and did not exhibit the errors observed in the 
test cells. As the IMB is designed to measure batteries instead of test cells the accuracy 
on the lithium-ion cells is of greater importance. There is still an underestimation in the 
Warburg region on the lithium-ion cells, but appear to be attributable to transient 
effects.   
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The shunt selection investigation indicated the procedure is more robust to the shunt 
range than initially thought. The lowest impedance shunts had the biggest adverse 
impact regardless of target impedance range. The ideal shunt selection appears to be 
25mΩ, 50mΩ, and 200mΩ. 
The most interesting result came from the phase selection study. Phase calibration 
results in the increased calibration accuracy that has been observed, but the number of 
phase shifts ant the phase shift values have no appreciable impact on the calibration. 
Inclusion of the phase shift in the test signal relies on the linear nature of the small 
signal analysis techniques and the phase calibration corrections must be highly linear to 
show no variation for different phase shifts. These results suggest that the calibration 
could utilize as little as three phase shifts and consequently reduce the calibration 
duration with no appreciable impact on accuracy. 
Varying the calibration measurement length to minimize the contribution of transients 
to the calibration values may improve the accuracy. Since calibration is performed 
separately and much less frequently than regular measurements, extending the length 
of time to perform a calibration and increase measurement accuracy keeps the standard 
measurement near-real time.  
There may be some form of self-calibration that could be implemented to compliment 
the regular calibration, possibly to increase the length of time between calibrations or 
provide some indication of measurement accuracy.  
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Many of the measurement errors and discrepancies not being addressed with the 
calibration can be attributed to hardware design and layout. Future designs could take 
the impact of hardware on calibration performance into consideration, such as ensuring 
that matched resistors are actually matched, ensuring proper grounding and shielding, 
and selection of components such as the data acquisition system to ensure there is no 
coherent noise corruption. This would eliminate the need to compensate for these 
shortcomings with additional hardware components and software processes thus 
simplifying the system and improving the efficacy of calibration on measurement 
accuracy. 
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